Introduction
Interactions between the bone and immune systems are essential for the differentiation of immune cells in the bone marrow and the function of bone cells in health and diseases [1] . In particular, bone provides a microenvironment that is critical for hematopoiesis. Indeed, stromal cells and osteoblasts, which produce bone matrix, function as major support cells for hematopoietic stem cells [2] [3] [4] and B lymphocytes [5, 6] .
B lymphopoiesis is a highly ordered process taking place in the bone marrow. Distinct stages in B-cell development have been defined based on the expression of particular surface phenotypic markers [7, 8] . Pre-pro-B cells are the earliest B-cell precursors and develop to pro-B, pre-B and finally immature B cells. Immature B cells emigrate from the bone marrow and mature in the spleen. In the bone marrow, progression of B cells along this process requires physical contact with osteoblasts and stromal cells [6, 9] , and ablation of these cells results in a defect in B lymphopoiesis [9] . Interaction between stromal cells and B-cell progenitors involves growth factors, chemokines, and their receptors, among which CXCL12 and IL-7 are essential: CXCL12 is necessary for the development of early B-cell precursors and their retention in the bone marrow [10] [11] [12] and IL-7 is important for the progression to pre-B cells [13] . Furthermore, analysis of the B-cell niches in the bone marrow [5] . These data reveal a fine spatial organization of the B-cell niches in the bone marrow. Therefore, it is likely that alterations in the bone marrow microenvironment affect B lymphopoiesis.
Bone homeostasis results from a fine balance between the activity of osteoblasts and the activity of osteoclasts (OCLs), which are responsible for bone resorption. Osteopetrosis is characterized by an absence of bone resorption leading to an increased bone mass and severe alteration in the bone microenvironment. In mice, gene mutations leading to osteopetrosis have been associated with reduced B-cell development [14] [15] [16] [17] [18] [19] [20] . However, in these models, it is not clear whether the low B-cell number is because of the mutation itself, or is a consequence of microenvironmental modifications resulting from the absence of OCL activity.
Among these mutant models, we have shown that B lymphopoiesis is altered in osteopetrotic oc/oc mice that show a spontaneous mutation in the Tcirg1 gene encoding the a3 subunit of the V-ATPase necessary for bone resorption [20, 21] . These mice are characterized by fully differentiated but inactive OCLs and have an extremely severe and lethal osteopetrotic phenotype. In these mice, transition between pro-and pre-B cells is dramatically reduced because of the decrease in IL-7 expression in the bone marrow, leading to the accumulation of an atypical pro-B-cell population [20, 22] . Injection of IL-7 partly restores B lymphopoiesis, suggesting that the defect in B-cell differentiation in these mice probably results from microenvironmental modifications [23] . However, analysis in this model is limited because of the low cellularity of the bone marrow and the short life span of the oc/oc mice [20] . Therefore, the use of inducible models of mild osteopetrosis may represent an appropriate approach to study the link between OCL activity and B-cell development.
Zoledronic acid (ZA) is a nitrogen-containing bisphosphonate that potently inhibits OCL activity [24] . ZA binds to mineralized bone matrix, is uptaken by OCLs during bone resorption and inhibits enzymatic pathways, resulting in decreased OCL activity and inhibition of bone resorption [24] . In rodents, long-term treatment with ZA induces a mild osteopetrotic-like phenotype [25, 26] . Regarding the B-cell lineage, ZA has an antitumor potential against myeloma plasma cells by inducing their apoptosis and interfering with the stromal cells necessary for their niche, but no data have been reported regarding ZA effect on B-cell precursors [27, 28] .
The aim of this study was to better understand the link between OCL activity and B lymphopoiesis. In osteopetrotic oc/oc mice, we restored OCL activity by transfer of dendritic cells (DCs) from normal mice as described recently [29] . We showed that this specific rescue of bone resorption is sufficient to increase B lymphopoiesis, confirming the importance of OCL activity in modulating the environment necessary for B-cell development in the bone marrow. To further analyze the mechanisms involved in this process, we induced mild osteopetrosis in normal mice with repeated injections of ZA according to a previously published protocol [26] . We showed that this treatment specifically affected B-cell development in the bone marrow, not directly but through microenvironmental modifications, including decreased osteoblastic engagement because of the strong reduction of OCL activity. As a consequence, B-cell progenitors were less retained in the bone marrow and homed in other organs such as the spleen. This work clearly establishes a role of OCL activity in the control of B-cell development in the bone marrow through the modulation of the mesenchymal cells forming the B-cell niches.
Results

Restoration of bone resorption in oc/oc mice rescues B lymphopoiesis
In osteopetrotic oc/oc mice, B lymphopoiesis is blocked at the stage of pro-B to pre-B-cell transition [20] . To clearly establish the link between this block and absence of OCL activity, we have restored bone resorption in these mice. Several studies reported a restoration of OCL function and hematopoiesis using transfer of hematopoietic cells into newborn oc/oc mice [30, 31] , but they did not allow to conclude on the effect of OCL function on B lymphopoiesis because the transferred cells contained cells from the B lineage.
Recently, we have reported that transfer of splenic conventional DCs (cDCs), after depletion of cells from the B lineage, restored OCL activity in oc/oc mice through the differentiation of cDCs into functional OCLs [29] . We have previously reported that this approach allowed one to rescue the osteopetrotic phenotype of the mice as assessed by (i) the presence of a bone marrow cavity in long bones which is absent in untreated oc/oc mice, (ii) an increased life span which is under 3 weeks in untreated oc/oc mice, (iii) an increased bone marrow cellularity and (iv) the modification of histomorphometric parameters indicating a restoration of the bone turnover [29] . In these mice, we have analyzed the major B-cell populations present in the bone marrow ( Figure  1 ), at day 18 for oc/oc mice (because of their short life span) and at day 50 for +/+ and DC-treated oc/oc mice (because of the time necessary to reach restoration of the bone turnover [29] ). In control oc/oc mice, the percentage of B220 + CD43 + pro-B cells increased, and that of B220 + CD43 − pre-B plus immature B cells decreased compared with +/+ mice, as described previously [20] . Very interestingly, in DC-treated oc/oc mice, this block in B lymphopoiesis is rescued, as shown by the high percentage and absolute number of B220 + CD43 − pre-B plus immature B cells compared with control oc/oc mice ( Figure 1A and 1B) . Thus, rescue of OCL function in osteopetrotic oc/oc mice has led to a restoration of B cell development.
ZA injection induces changes in bone phenotype and bone marrow microenvironment
The oc/oc mouse is characterized by a dramatically severe phenotype [20] and analysis on this model is very limited. Therefore, to better understand how OCL activity can control B-cell development, we have used an osteopetrotic model induced by ZA injection [26] . Radiographic analysis of long bones from lower limbs of phosphate-buffered saline (PBS)-and ZA-treated mice revealed that ZA induced an increase in the bone density localized to the distal part of the femur and the proximal part of the tibia (Figure 2A ) as described previously [26] . This result was confirmed by µCt analysis ( Figure 2B and 2C). Longitudinal and cross-sectional reconstructions of femora showed a severely increased trabecular zone in ZA-treated mice compared with controls ( Figure  2B) . Quantification of the morphological indices of the femora demonstrated a 180% increase in trabecular bone volume per tissue volume (BV/TV) on ZA treatment. This increase resulted from an augmentation in trabecular thickness, number and density as well as a parallel decrease in trabecular spacing ( Figure 2C ).
Histological analysis of femora confirmed these results: the trabecular region of ZA-treated mice showed large zones of mineralized bone matrix, and was highly disorganized compared with control mice ( Figure 2D ). In these zones, staining of tartrate-resistant acid phosphatase (TRACP) revealed that a large number of OCLs were not attached to the bone surface in ZA-treated mice compared with controls ( Figure 2E ). An equivalent phenotype of OCLs has previously been observed in a patient displaying bisphosphonate-induced osteopetrosis [32] . Moreover, we did not find significant difference in the number of OCLs derived in vitro from the bone marrow of PBS-or ZA-treated mice ( Figure 2F ), and these OCLs are able to resorb dentin slices ( Figure 2G ), indicating that the number of OCL precursors and their osteoclastogenic potential are not affected by ZA treatment. Lastly, the bone marrow cellularity was decreased about 30% in ZA-treated mice compared with controls ( Figure  2H ).
Altogether, these data clearly demonstrated that ZA has induced an osteopetrotic-like phenotype in treated mice, with important modifications in the bone microenvironment, as expected. Moreover, the augmentation in bone density induced by ZA is more probably linked to a decrease in OCL resorbing activity, because of the partial loss of adhesion, rather than to a decrease in OCL number.
B lymphopoiesis is altered in ZA-treated mice
We then analyzed by flow cytometry the B lymphoid and myeloid populations present in the bone marrow of lower limbs (Figure 3 Figure 3A) . B-cell subsets are identified by the expression of specific patterns of membrane markers [7, 8] . From the pro-B stage, the percentage and number of all B-cell subsets were decreased in ZA-treated mice ( Figure 3B -3C). We have also analyzed earlier B-cell progenitors using the recently described marker Ly6D [33] , as well as hematopoietic stem cells (HSCs). The percentage and absolute number of pre-pro-B cells were also decreased in the bone marrow of ZA-treated mice compared with controls, whereas common lymphoid progenitors (CLPs) and HSCs were not significantly affected ( Figure 3D -3G). Comparison of the mean cell number of each subset between control and ZA-treated mice confirmed that all B cell subsets were decreased by twofold, but this was not the case for CLPs and HSCs (Supplementary information, Figure S1 ). These results suggest that B-cell development is impaired in the bone marrow of ZA-treated mice, starting from the pre-pro-B stage.
ZA does not affect B cell differentiation, proliferation and apoptosis
The reduction in B-cell number observed in the bone marrow of ZA-treated mice could be because of the reduced proliferation, an increased apoptosis or a block in their differentiation. In vivo analysis of the proliferation of CD19 + IgM − B-cell progenitors in the bone marrow after BrdU incorporation did not evidence any significant change between ZA-treated and control mice ( Figure  4A ). Furthermore, evaluation of apoptosis using annexin-V labeling on CD19 + B-cell membrane did not reveal any change between control and ZA-treated mice ( Figure  4B ).
To examine whether ZA could block B-cell differentiation, CD19 Altogether, our results demonstrated that the impaired B-cell development observed in the bone marrow of osteopetrotic mice is not the consequence of a direct effect of ZA on B cells. Rather, it is likely due to microenvironmental changes resulting from a reduced osteoclastic activity. One possible consequence explaining the decreased B-cell number could be an impaired retention and a mobilization of B-cell precursors outside of the bone marrow.
ZA indirectly affects bone marrow stromal cells
Retention of B cells in their niche is highly dependent on cell interactions between B-cell progenitors and stromal cells expressing CXCL12 or IL-7 [5] . Thus, we analyzed the expression of these genes in the bone marrow of PBS-and ZA-treated mice by real time RT-PCR. Expression of both genes was dramatically decreased in ZA-treated mice compared with controls ( Figure 5A ). In contrast, no significant change was observed in the expression of macrophage colony-stimulating growth factor (M-CSF), important for myeloid cell differentiation and also produced by stromal cells ( Figure 5A ). To confirm that these variations affect stromal cells, we sorted CD45
− cells representing stromal cells from the bone marrow of PBS-and ZA-treated mice. We observed a 10-fold reduction in the expression of CXCL12 or IL-7 and no change in M-CSF expression in the bone marrow stromal cells of ZA-treated mice compared with controls ( Figure 5B ).
To further understand the effect of ZA on stromal cells, we treated in vitro CD45
− stromal cells from normal mice with 0 to 10 −6 M ZA for 24 h (not shown) and 48 h ( Figure 5C and 5D). ZA did not affect stromal cell viability (not shown) and had no effect on the expres-
npg sion of CXCL12 or IL-7, at whatever concentration used and even in the presence of OCLs from control or osteopetrotic oc/oc mice ( Figure 5C and 5D) . Thus, the results observed in vivo on the production of CXCL12 and IL-7 by stromal cells were probably not due to a direct effect of ZA on stromal cells, nor to regulation of stromal gene expression cell by factors produced by OCLs. However, stromal cells and OCLs are known to interact and regulate each others [34, 35] . Therefore, we wondered whether reduction of OCL activity could affect stromal populations and we analyzed mesenchymal and osteoblast progenitors by performing colony forming unit-fibroblast (CFU-F) and colony forming unit-alkaline phosphatase (CFU-ALP) assays, respectively, on total bone marrow cells from PBS-and ZA-treated mice. The number of CFU-F increased twice, but we observed a twofold decrease in CFU-ALP in ZA-treated mice compared with control mice ( Figure 6A ). In vivo histological analysis of the femora after staining of ALP activity revealed a twofold reduction in ALP + cells in the trabecular zones of ZA-treated mice compared with controls ( Figure 6B ). Lastly, real-time RT-PCR analysis showed that expression of Runx2, a key regulator of osteoblast differentiation [36] , as well as expression of the osteoblastic markers osteocalcin, bone sialoprotein (BSP) and collagen-1α1, was lower in CD45
− cells from ZA-treated mice than from PBS-treated mice ( Figure 6C ). Altogether, these results indicated a modification in mesenchymal cell populations with a reduced engagement in the osteoblastic pathway in ZA-treated mice compared with Figure S2 ), indicating that this lower osteoblastic engagement is a consequence of the reduced OCL activity rather than a direct effect of ZA on osteoblasts.
ZA affects B-cell homing in the bone marrow
Bone marrow failure is often compensated in other hematopoietic organs, in particular in the spleen. Our results showed that the percentage and absolute number of B220 + CD19
+ total B cells were significantly increased in the spleen of ZA-treated mice compared with controls ( Figure 7A and 7B) . Moreover, this increase in absolute cell number affected all B-cell subsets from pro-B to mature B cells ( Figure 7B) . However, the percentage of B-cell subsets remained unchanged in the blood ( Figure  7C ), revealing that the variations observed in the spleen are specific of this organ. Together with the failure in the bone marrow environment, these data suggest that, in the ZA-induced osteopetrotic model, B-cell homing in the bone marrow might be impaired.
To assess this point, we have followed the location of B-cell progenitors in PBS-and ZA-treated mice. Pro-B plus pre-B precursor cells from actin-GFP mice were transferred into PBS-and ZA-treated mice by intravenous injection in the caudal vein. After 24 h, in PBStreated mice, the majority of cells migrate into the bone marrow compared with the spleen (Figure 7D and 7E ). In ZA-treated mice, B-cell progenitors are able to reach the bone marrow, but the number of B-cell progenitors retained in this organ is significantly lower than in PBStreated mice ( Figure 7D and 7E) . On the contrary, the number of injected cells located in the spleen is significantly increased compared with controls ( Figure 7D and 7E). These data revealed that inhibition of OCL activity result in a defect in the location of B-cell precursors in the bone marrow leading to an increased retention into the spleen. 
Discussion
Alteration of B-cell development is a characteristic of many genetically induced osteopetrotic models [14] [15] [16] [17] [18] [19] . This link between osteopetrosis and B lymphocytopenia has been attributed either to mutations in genes important for both OCL differentiation and B-cell development, or to the consequences of osteopetrosis on bone microenvironment. In osteopetrotic oc/oc mice, B lymphopoiesis is blocked at the pro-B to pre-B-cell transition [20] . This block is likely because of a microenvironmental defect rather than to a cell autonomous defect of the B-cell lineage, because B-cell progenitors from oc/oc mice are able to differentiate in vitro into immature B cells and also because IL-7 injection in these mice partially restored B lymphopoiesis [22, 23] . In this study, we have shown that restoration of OCL activity by transfer of cDCs from +/+ mice is associated with a rescue of B lymphopoiesis ( Figure 1 ). As no B-cell precursors were transferred in our approach, our results clearly demonstrate the existence of a link between OCL activity and B lymphopoiesis. However, oc/oc mice have a too short life span and too low bone marrow cellularity to allow many further experiments to address the mechanisms involved in this process. Therefore, we have used an osteopetrotic-like model induced by ZA, a potent bisphosphonate. Changes in the bone phenotype of ZA-treated mice affect the trabecular zone of long bones leading to an increased trabecular bone density (Figure 2) . The affected zones increase in size with time (not shown), to reach around one-third of the bone marrow at 6 weeks of treatment. These areas correspond to regions where bone-remodeling activity is the most important. Indeed, regions of intense bone npg mineralization and bone resorption correspond to those where bisphosphonates are incorporated and become exposed to OCLs [24] , probably explaining why these zones are more affected than others by ZA treatment.
ZA is an inhibitor of the farnesyl pyrophosphate synthase, an enzyme in the mevalonate pathway that is necessary for lipid modification of small GTP-binding proteins [37, 38] . Interference with the activity of these proteins alters cytoskeleton organization and intracellular trafficking in OCLs, resulting in inhibition of their function [39, 40] . In our study, the increased BV/TV of trabecular bone is not linked with a defect in myeloid cell number or OCL differentiation capacity, but rather to an impaired attachment of OCLs to the bone matrix. In arthritic rats treated with high doses of ZA, it was reported that the number of OCLs was increased, probably due to a feedback mechanism responding to reduced OCL activity [41] . In human tumor necrosis factor transgenic mice that develop arthritis, administration of ZA according to the same protocol we used, decreased the number of synovial OCLs but did not affect the number of trabecular OCLs [26] . Furthermore, it was reported that alendronate, another bisphosphonate, also inhibits the attachment of OCLs on the bone matrix [42] . All these observations suggest that, in trabecular bone remodeling, the primary mechanism of ZA action is an inhibition of OCL function rather than an induction of their apoptosis. Histomorphometric and histological analysis revealed that osteopetrosis induced by ZA treatment is mild and less severe than in oc/oc mice. This difference is likely because of the complete absence of OCL activity starting at the embryonic stage in oc/oc mice resulting in an impaired bone formation [29, 43] , whereas in the ZA model, OCL activity is blocked in young adult mice displaying a normal bone.
In response to ZA treatment, the number of B cells is decreased by 50% in the bone marrow. This decrease affects all B-cell subsets from the pre-pro-B stage and is restricted to the bone marrow. Moreover, we have shown that ZA does not directly affect B-cell differentiation, proliferation or apoptosis (Figure 4 ). All these observations demonstrate that reduction of B-cell number in affected bone marrow is not due to a direct effect of ZA on B cells, but rather to modifications in the bone microenvironment due to reduced OCL activity. No accumulation of pro-B cells was detected in the ZA-induced osteopetrotic model, in contrast with the oc/oc model [20] . This difference in B-cell phenotype is probably linked to the difference in the severity of osteopetrosis and the age of apparition of the osteopetrotic phenotype.
Contact-mediated signals from stromal cells and soluble factors are required for the development of B-cell precursors. Among them, CXCL12
+ stromal cells and IL-7 + stromal cells play a pivotal role in B-cell differentiation [10, 12, 13] . IL-7 is the major growth factor for developing B cells: signals from the IL-7R are required during the pro-B-cell stage for further differentiation, and deficiencies in either IL-7 or IL-7R result in severe defects in B-cell development [13, 44] . In mice lacking CXCL12, the number of B-cell progenitors is severely reduced in the bone marrow [10] . Moreover, animals reconstituted with cells deficient for CXCR4, the receptor for CXCL12, display a reduced number of donor-derived pro-B, pre-B and immature B cells in bone marrow [45] , whereas this number is increased in the periphery, suggesting that CXCR4 and CXCL12 play a role in the retention of B-cell precursors in bone marrow [11] . CX-CL12 + stromal cells and IL-7 + stromal cells provide successive niche, in which B cells progress during their differentiation [5] . Thus, the dramatic reduction in IL-7 and CXCL12 expression observed in CD45
− stromal cells from bone marrow of ZA-treated mice reveals an alteration in these niches, and is probably a major cause of the impaired B-cell development and retention observed in this organ.
Changes in IL-7 and CXCL12 expression by bone marrow stromal cells might be either due to impaired interactions with inactive OCLs or to a modification in cells producing these factors. Our in vitro data showed that the presence of active (+/+) or inactive (oc/oc) OCLs did not modulate the expression of IL-7 and CXCL12 in the presence of ZA ( Figure 5) , and thus are not in favor of the first hypothesis. Due to the dramatic alterations of the bone structure, it was not possible to perform immunohistochemistry on IL-7 and CXCL12 in ZA-treated mice. However, the low number of ALP + cells, the weak expression of osteoblastic markers and the reduced CFU-ALP number observed in the bone marrow of these mice reveal a modification in the osteoblastic engagement in osteopetrotic mice, that could explain the changes in IL-7 and CXCL12 expression. Indeed, osteoblastic cells produce these factors and are important component of the B-cell niches. In vivo ablation of osteoblasts alters B-cell differentiation despite that HSCs were still present in the bone marrow [2] [3] [4] . These data are consistent with the absence of effect we observed on HSCs after ZAtreatment.
Direct effects of ZA on osteoblast differentiation and function are not clear, as some studies report a stimulatory effect, whereas others report an inhibitory effect [46] [47] [48] [49] . This discrepancy is probably because of the differences in the doses, protocols and species used. However, stromal cells and osteoblasts are not able to take up bisphosphonates [50] , and we did not observe any direct effect of ZA on stromal cell expression of IL-7 and CXCL12, as assessed by our in vitro analysis. Moreover, we observed a similar in vivo decrease in osteoblastic engagement and ALP + cells in osteopetrotic oc/oc mice (Supplementary information, Figure S2 ). Therefore, it is very likely that most of the alterations observed in osteoblasts are due to alterations of the bone remodeling cycle resulting from the reduction of bone resorption. Indeed, it is well established that secreted or membrane-bound molecules produced by OCLs, and cytokines and growth factors released from the bone matrix by resorbing OCLs stimulate osteoblast precursors [34, 35] . Therefore, such factors are likely to modulate osteoblast differentiation and function and, as suggested by our results, they might control the fate of stromal cells involved in the B-cell niches.
In conclusion, our study demonstrates that block in OCL activity is associated with B lymphocytopenia in the bone marrow. The reduction of B-cell number is due to an impaired retention of B-cell progenitors in the bone marrow, associated with modifications in the expression pattern of cytokines and growth factors by bone marrow stromal cells. Our results suggest that these modifications are a consequence of reduced osteoblastic engagement of stromal cells probably linked to an impaired communication with OCLs due to the absence of bone resorption. These data clearly demonstrate that OCL activity can modulate B-cell development in the bone marrow and provide novel basis for the regulation of the B-cell niches.
Materials and Methods
Animals and treatments
Five-week-old female Balb/C mice (Janvier, France) were maintained in our central animal facility in accordance with the general guidelines of the "Direction des Services Vétérinaires". They received a daily intraperitoneal (IP) injection of 2 µg ZA (Novartis) in 100 µl PBS without calcium and magnesium or 100 µl PBS alone (control mice), 5 days a week for 6 weeks. Animals were killed by cervical dislocation.
oc/oc mice were genotyped, as described [20] , at 1 day after birth. They received a total body irradiation of 3 Gy 1 day after birth. On day 2 after birth, they received an IP injection of either 50 µl PBS (control oc/oc mice) or 5 × 10 6 splenic DCs purified from naive +/+ mice in 50 µl PBS. Animals were killed at the age of 7 weeks.
Purification of conventional splenic DCs
cDCs were sorted from spleens of 5-week-old naive +/+ mice as described previously [29] . Briefly, CD11c + splenocytes were enriched by magnetic separation on microbeads (Miltenyi-Biotech), after depletion of T, B, NK cells, monocytes and granulocytes, by treatment with monoclonal antibody mixture containing anti-CD3 (17A2), anti-CD19 (1D3), anti-CD49b (DX5), and anti-Gr1 (RB6-8C5; Pharmingen) and separation with anti-rat Ig-coated magnetic beads (Dynal). Enriched cells were labeled with APC-CD11c (HL3) and FITC-IAb (AF6-120.1), and the CD11c + IAb + DCs were sorted on a FACS Aria cell sorter (Becton-Dickinson) with high purity sorting (100%).
Cell preparation and flow cytometry analysis
Bone marrow cells were obtained by crushing the femora into small pieces and vigorous pipetting as previously described [20] . Splenocytes were isolated by filtration through a 40 µm cell strainer (Becton Dickinson). Blood cells were obtained by intracardiac puncture. After red blood cell lysis, cells were analyzed by flow cytometry using the following conjugated antibodies: B220 (RA3-6B2), CD43 (S7), CD19 (1D3), IgM (R6-60.2), CD11b (M1/70), Gr1 (RB6-8C5), TER119, CD3 (17A2), CD11c (HL3), CD49b (Dx5), IL-7R (A7R34), Ly6D (49H4), c-kit (2B8), Sca1 (D7) (Pharmingen) as previously described [20] . After washes, the labeled cells were analyzed on a FACS Canto (Becton Dickinson).
High resolution µCt and radiography
Fixed femora were scanned with high resolution µCt (Viva CT40, Scanco) in the PLEXAN facility (Medical Faculty, Jean Monnet University, Saint-Etienne, France) following procedures described in [51] . Data were acquired at 55 keV with a resolution of 10 µm cubic. Three-dimensional reconstructions were generated for visual representation. Radiographic analysis was performed on an X-ray system (Faxitron MX-20) for 15 s at 19 kV.
Immunohistochemistry
TRACP and ALP staining, femora were fixed in 4% paraformaldehyde for 24 h at 4 °C, decalcified in 10% EDTA for 10 days at 4 °C and incubated overnight in a 30% sucrose solution and 8 µm sections were obtained with a cryotome (ThermoShandon). Bone sections were stained for TRACP activity with the leukocyte acid phosphatase kit (Sigma) and for ALP activity with the leukocyte alkaline phosphatase kit, (Sigma) and were observed by light microscopy (CarlZeiss). ALP staining was analyzed in the trabecular zone of the femora: images were analyzed with the Image J software (Wayne Rasband, NIH Image System) to define the areas corresponding to ALP staining. These areas were normalized to the areas of the trabecular zone. For Von Kossa staining, undecalcified bones were fixed in 4% paraformaldehyde, dehydrated and embedded in methylmethacrylate. Sections (7 μm) were stained with the Von Kossa procedure.
OCL differentiation and resorption activity
Bone marrow cells from PBS-or ZA-treated mice were seeded at 10 5 cells/cm 2 in MEMα medium containing 5% fetal calf serum (Hyclone, Perbio) and with 50ng/ml RANK-L and 25 ng/ml M-CSF. After 1 week, TRACP activity was revealed with the leukocyte acid phosphatase kit (Sigma) and multinucleated TRACP + cells were enumerated under a light microscope (Axiovert, Zeiss). For resorption assays, cells were seeded onto dentin slices, in the same conditions. After 1 week, cells were removed by sonication and resorption lacunae were stained with toluidin blue. 
B-cell apoptosis and proliferation
In vitro B-cell analysis
Bone marrow cells were isolated from normal mice and labeled with antibodies reactive to B220, CD19 and IgM. CD19 
CD45
− stromal cell preparation and culture
After red cell lysis, bone marrow cells were labeled with an anti-CD45 antibody and the CD45 − population, containing mainly stromal cells, was purified on a cell sorter (FACS Aria, Becton Dickinson) for PCR analysis. This CD45
− population also served for in vitro analysis: cells were seeded at 3 × 10 4 cells in a 24-well plate in MEM medium containing 5% fetal calf serum (Hyclone, Perbio) and they were treated with the indicated concentration of ZA for 24 and 48 h. For coculture with OCLs, bone marrow cells from +/+ or oc/oc mice were seeded at 10 5 cells/cm 2 in MEMα medium containing 5% fetal calf serum (Hyclone, Perbio) and with 50 ng/ml RANK-L and 25 ng/ml M-CSF. After 1 week, cells were harvested by trypsin/EDTA and OCLs were sorted on a cell sorter (FACS Aria) based on their size. OCLs were seeded at 5 × 10 3 cells/cm 2 together with 3 × 10 4 CD45 − cells sorted from normal mice. These cocultures were performed without or with the indicated concentration of ZA for 48 h.
Real-time PCR analysis on stromal cells
Total RNA from stromal cells was extracted by adsorption onto silica membranes (Macherey-Nagel). RNA (1 µg) was reverse transcribed with random primers according to the manufacturer protocol (Invitrogen). Real-time PCR analysis was performed on an ABI Prism 7700 (Applied Biosystems) as previously described [20] , in triplicate. Cycle threshold (Ct) values were determined and results were normalized to the acidic ribosomal phosphoprotein P0 (36B4) RNA on the same plate. Differences in gene expression were calculated using the 2 −∆Ct method [52] . Generating a melting curve of the PCR product and analysis by gel electrophoresis controlled specificity of amplification. The primers used were: 36B4; 5′-TCCAGGCTTTGGGCATCA-3′ and 5′-CTTTATCAGCTGCACATCACTCAGA-3′; Il-7: 5′-GGCACA-CAAACACTGGTGAACT-3′ and 5′-TGCATCATTCTTTTTCT-GTTCCTT-3′; Cxcl12: 5′-GAGCCAACGTCAAGCATCTG-3′ and 5′-CGGGTCAATGCACACTTGT-3′; M-csf: 5′-TTAAAGA-CAACACCCCCAATGC-3′ and 5′-TCAGGTTATTGGAGAGT-TCCTGGA-3′; osteocalcin: 5′-CCACCCGGGAGCAGTGT-3′ and 5′-CTAAATAGTGATACCGTAGATGCGTTTG-3′; Runx-2: 5′-TTTAGGGCGCATTCCTCATC-3′ and 5′-TGTCCTTGTG-GATTAAAAGGACTTG-3′; BSP: CCAAGCACAGACTTTT-GAGTTAGC-3′ and 5′-CTTTCTGCATCTCCAGCCTTCT-3′; Col1a1: 5′-GCGAAGGCAACAGTCGCT-3′ and 5′-CTTGGTG-GTTTTGTATTCGATGAC-3′.
CFU assays
Bone marrow cells from PBS-treated, ZA-treated +/+ or oc/oc mice were seeded at 5 × 10 5 cells/well in 12-well plates in MEMα medium containing 10% fetal calf serum (Hyclone, Perbio) for 20 days, as described by Kuznetsov et al. [53] . After fixation with acetone/citrate, CFU-Fs were visualized by staining with hematoxylin and CFU-ALPs by staining with the leukocyte alkaline phosphatase kit (Sigma). Colonies were enumerated under a light microscope (Axiovert, Zeiss).
In vivo B-cell homing
Mice were treated with ZA or PBS for 6 weeks as described above. They received a total body irradiation of 3 Gy. At 1 day after, they received an intravenous injection of 10 6 pro-B plus pre-Bcell progenitors sorted as described above from actin-GFP mice, in 100 µl PBS, in the caudal vein. Animals were killed at 24 h after the injection, and the distribution of GFP + CD19
+ B cells was analyzed by flow cytometry in the bone marrow and in the spleen.
